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Highlights 
Population-level effects of risk factors for BRD in feedlot cattle were determined 
Risk factors with large effects were shared pen water, breed, mixing and move timing  
BVDV in the pen, prior group size and weight had moderate or modest effects 
82% of BRD incidence was attributed to management-related risk factors 
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Abstract 
Results obtained from a nationwide longitudinal study were extended to estimate the 
population-level effects of selected risk factors on the incidence of bovine respiratory disease 
(BRD) during the first 50 days at risk in medium-sized to large Australian feedlots. 
Population attributable fractions (PAF) and population attributable risks (PAR) were used to 
rank selected risk factors in order of importance from the perspective of the Australian 
feedlot industry within two mutually exclusive categories: ‘intervention’ risk factors had 
practical strategies that feedlot managers could implement to avoid exposure of cattle to 
adverse levels of the risk factor and a precise estimate of the population-level effect while 
‘others’ did not. An alternative method was also used to quantify the expected effects of 
simultaneously preventing exposure to multiple management-related factors whilst not 
changing exposure to factors that were more difficult to modify. 
The most important ‘intervention’ risk factors were shared pen water (PAF: 0.70, 95% 
credible interval: 0.45-0.83), breed (PAF: 0.67, 95% credible interval: 0.54-0.77), the 
animal’s lifetime history of mixing with cattle from other herds prior to induction (i.e. when 
each animal was identified and placed in a study cohort (feedlot pen)) (PAF: 0.53, 95% 
credible interval: 0.30-0.69), timing of the animal’s move to the vicinity of the feedlot (PAF: 
0.45, 95% credible interval: 0.17-0.68), the presence of Bovine viral diarrhoea virus 1 
(BVDV-1) in the animal’s cohort (PAF: 0.30, 95% credible interval: 0.04-0.50), the number 
of study animals in the animal’s group 13 days before induction (PAF: 0.30, 95% credible 
interval: 0.10-0.44) and induction weight (PAF: 0.16, 95% credible interval: 0.09-0.23). 
Other important risk factors identified and prioritised for further research were feedlot region, 
season of induction and cohort formation patterns.  
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An estimated 82% of BRD incidence was attributable to management-related risk factors, 
whereby the lowest risk category of a composite management-related variable comprised 
animals in the lowest risk category of at least four of the five component variables (shared 
pen water, mixing, move timing, BVDV-1 in the cohort and the number of animals in the 
animal’s group-13). This indicated that widespread adoption of appropriate interventions 
including ensuring pen water is not shared between pens, optimising animal mixing before 
induction, timing of the animal’s move to the vicinity of the feedlot, and group size prior to 
placing animals in feedlot pens, and avoiding BVDV-1 in cohorts could markedly reduce the 
incidence of BRD in medium-sized to large Australian feedlots.   
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Introduction 
Bovine respiratory disease (BRD) is the major cause of clinical disease and death in feedlot 
cattle populations worldwide. BRD is a complex of diseases requiring a combination of 
pathogens, stressors and immunologically susceptible animals and numerous risk factors for 
BRD have been identified. The impact of each causal risk factor on BRD incidence in 
particular populations (i.e. the population-level effects) depends on both the proportion of 
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animals exposed to adverse levels of the risk factor and the strength of association between 
the risk factor and BRD. A risk factor that is strongly adversely associated with BRD may 
have minimal impact on BRD incidence in the population if a low proportion of animals are 
exposed, while a less strongly associated risk factor may have a larger impact on BRD 
incidence if a high proportion of animals is exposed. 
The population attributable fraction (PAF) estimates the proportion of disease incidence in a 
population that is attributable to an exposure assuming that the exposure is causal (Dohoo et 
al., 2009). The PAF for a particular risk factor may be interpreted as the proportional 
reduction in disease incidence for the population if all animals in higher risk categories were 
replaced with otherwise identical animals but in the lowest-risk category. The population 
attributable risk (PAR) describes the amount of disease incidence in a population that can be 
attributed to a risk factor, and hence the PAR is the estimated reduction in disease incidence 
for the population if all animals were moved to the lowest-risk category for that risk factor. 
There are important limitations in the interpretation of PAFs and PARs. If these estimates of 
population-level effects are to be interpreted as effects on population incidence if animals 
were moved to the lowest-risk category for that risk factor, one must assume that the risk 
factor is causal, that the estimates of effect are unbiased, and that the proportion of animals 
exposed in the population of interest is as observed in the study population. In addition, it 
must be at least theoretically possible for all animals in higher risk categories to instead be in 
the lowest risk category. For diseases with multifactorial aetiologies the PAFs for multiple 
risk factors can sum to more than one because different risk factors may act via common 
causal pathways (Rowe et al., 2004). Clearly, the incidence of disease in any population 
cannot be reduced below zero, so the PAFs derived for risk factors for complex multifactorial 
diseases need to be interpreted with this understanding. Despite these limitations, PAFs and 
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PARs can be useful for gauging the relative importance of specific risk factors in the 
population.  
An alternative method allows quantification of the expected population-level effects of 
simultaneously removing exposure to multiple risk factors (i.e. changing all animals to the 
lowest risk category), while not changing the distribution of exposure to other risk factors 
(Spiegelman et al., 2007) (for example, risk factors less amenable to changes in management 
practice). This method allows a more meaningful interpretation of population-level effects of 
risk factors for complex multifactorial diseases such as BRD. 
The Australian National Bovine Respiratory Disease Initiative was a prospective longitudinal 
study in cattle in medium-sized to large Australian feedlot cattle that identified and quantified 
the effects of numerous putative risk factors for BRD (Hay et al., 2014; Hay et al., 2016a; 
Hay et al., 2016b; Hay et al., 2016c; Hay et al., 2016d; Hay et al., 2016e). The current study 
extends these findings. Our objectives were to estimate population-level effects for selected 
risk factors that were associated with BRD. Based on these estimates, risk factors were 
ranked within two mutually exclusive categories: those for which there were practical 
strategies that feedlot managers could implement to avoid exposure of cattle to adverse levels 
of the risk factor and others. A further objective was to quantify the expected population-
level impact of simultaneously introducing management interventions to place cattle in 
lowest risk groups for multiple risk factors whilst leaving exposure to other risk factors 
unchanged.  
Methods 
Study design, study population and exposure variables 
Detailed descriptions of the study design, study population, case definition and analysis 
methods have been presented elsewhere (Hay et al., 2014). Animals were enrolled at 
induction (i.e. when animals were individually identified and animal characteristics recorded 
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electronically) prior to them being placed in a study cohort (where a cohort consisted of all 
animals housed in the same feedlot pen). Animal-level time at risk was measured from the 
induction date (‘day 0’), with days prior to day 0 designated as negative values (e.g. day-13, 
day-28). In total, 35,160 cattle were enrolled from March 2009 to December, 2011, of which 
35,131 animals had sufficient data for inclusion in analyses of the project population. The 
group of study animals that each animal was in 13 days prior to induction was defined as its 
‘group-13’ (i.e. group minus 13). The study population comprised four hierarchical levels 
with animals clustered within 1,077 group-13s, clustered within 170 cohorts, clustered within 
14 feedlots. 
The binary outcome of interest, the development of BRD during the first 50 days at risk (i.e. 
where the first day at risk was day 1, the day after induction), was measured for each animal. 
All potential risk factors were assessed using categorical variables. Causal diagrams were 
used to inform model building; total and selected direct effects of risk factors of interest were 
estimated using multilevel mixed effects logistic regression models performed within the 
Bayesian framework to produce mean odds ratios and associated 95% credible intervals. In a 
causal diagram, the direct effect is represented by an arrow directly linking the exposure with 
the outcome, while the total effect is the sum of the direct effect (if one is postulated) and all 
indirect pathways linking the exposure with the outcome (Dohoo et al., 2009). Details of 
variables included as covariates in any of the models used to derive results used in the current 
study are tabulated in Supplemental File 1. Results from these models were used to identify 
the lowest risk category for use as the reference category in the current study. 
Risk factors were included in the current study if they were measured in the full project 
population, analyses indicated they were probably associated with BRD, and biologically 
plausible proposed direct or indirect causal mechanisms for these associations with BRD 
were available. Usually there was also evidence from the literature of associations between 
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the risk factor and BRD in other populations. The fifteen risk factors meeting these criteria 
were classified into animal characteristics (breed, sex, induction weight), environmental 
exposures (feedlot region, induction season), and ‘management-related’ exposures (factors 
describing management of feedlot cattle prior to their entry to the feedlot and while in the 
feedlot). There were ten eligible management-related risk factors. ‘Shared pen water’ (yes, 
no) indicated whether or not pen water troughs could be accessed by animals in adjoining 
pens. ‘Mixing summary’ was a composite variable describing whether the animal’s group had 
been mixed with other study animals during two separate time periods (assuming study 
animals at the same location at the same time were mixed). It described mixing prior to day -
27 (yes/no) and the number of group-28s (comprising animals in the same group on day-28) 
forming the animal’s cohort (<4, ≥4). ‘Move summary’ described the interval from the 
animal’s move to the feedlot to its induction day (pre day-27, day -27 to 0).  Mixing summary 
was a four-category collapsed version of the more detailed 12-category mixing history 
variable and move summary was a two-category collapsed version of the more detailed 
feedlot move timing variable used to estimate total and direct effects (Hay et al., 2014). These 
collapsed variables were used in the current study to simplify analyses and to ensure there 
were at least modest numbers of animals in each category. Exposure to ‘BVDV in the cohort’ 
(yes, no) was a cohort-level variable which categorised cohorts as exposed if any animal(s) 
had tested positive to Bovine viral diarrhoea virus 1 (BVDV-1) on qPCR testing (Hay et al., 
2016a). The number of study animals in the animal’s group-13 (‘group-13N’) essentially 
reflected the size of the animal’s group of cattle over an extended period as the majority of 
group-13s had been stable (i.e. had no animals added) for extended periods of time prior to 
induction (Hay et al., 2014). Cohort formation patterns were described using two variables. 
‘Cohort fill duration’ (1 day, >1 day) was a cohort-level variable indicating whether a cohort 
was filled with all animals inducted on a single day or over multiple days. An animal-level 
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variable (‘day 0 to close’) described the interval between each animal’s induction and ‘cohort 
close’ (i.e. the latest date of inductions into that cohort). Saleyard (i.e. auction market) 
exposure, defined for three separate time intervals prior to induction, indicated whether the 
animal had been through saleyards in each of those time intervals (i.e. prior to day -27, from 
day-27 to day -13 and from day -12 to day 0).  
Single risk factor estimates 
The causal pathways depicting relationships between variables of interest and between each 
of those variables and the development of BRD were hypothesised a priori as previously 
reported (Hay et al., 2014; Hay et al., 2016a; Hay et al., 2016b; Hay et al., 2016c; Hay et al., 
2016d; Hay et al., 2016e). For some variables, the total effect was considered to be of main 
interest, whilst for others the direct effect was more relevant. Table 1 provides a summary of 
the rationale for selecting either the total or direct effect for each eligible risk factor.   
PAFs for a particular risk factor with k categories were calculated using the case fraction 
( ), defined as the proportion of animals that developed the outcome (i.e. BRD during the 
first 50 days at risk) in each category, and adjusted relative risks (  as shown in Equation 
1 (Hanley, 2001). 
 .
.
  (Equation 1)   
For a variable with more than two categories, the category PAF ( ) estimates the amount 
contributed by each category of the variable.  
The PAR was calculated as the product of the PAF and the overall (i.e. crude) BRD 50-day 
cumulative incidence in the population used (17.6% in the current study). This approach can 
take account of confounding because it is appropriate for use with adjusted relative risk 
estimates (Hanley, 2001; Dohoo et al., 2009).  
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To estimate the PAFs and PARs of the total effects and relevant direct effects of individual 
risk factors with corresponding measures of uncertainty, the WinBUGs® (version 14) 
Bayesian modelling software package was used. Models were fitted using the lowest risk 
category as the reference category. Modelling incorporated the conversion of odds ratios 
output from multilevel mixed effects logistic models to relative risks, by using the 
relationship between odds and proportions (p) (odds = (p/(1-p)).  The adjusted odds for the 
reference category were determined from the observed proportion of positive outcomes in the 
reference category. The adjusted odds for other categories were calculated by multiplying the 
adjusted odds for the reference category by the odds ratios output from the model. The 
adjusted proportion of positive outcomes for each category was estimated from the adjusted 
odds for that category. The relative risks for each category were calculated by dividing the 
adjusted proportion of BRD cases for the category by the proportion for the reference 
category. The percentages of individuals in the reference category that were BRD cases, odds 
of BRD for the reference category, and the fractions of cases that were in each comparison 
category were compiled and imported into WinBUGs® as fixed data. PAFs and PARs were 
derived by programming nodes to estimate the adjusted percentage of cases, adjusted relative 
risk and category PAF for each category, and hence the total PAF and PAR for each variable, 
using Equation 1 described above. Non-informative priors were specified. An example of the 
code is provided in Supplemental File 2. Models were run and odds ratios, coefficients, PAFs 
and PARs monitored for convergence. Diagnostic outputs including the autocorrelation 
function, trajectory plot, history trace, quantile plot and kernel density plot were monitored. 
Convergence was assessed by examining the trajectory plots for stationarity and assessing the 
stability of the quantile plots across iterations.  Models for feedlot and cohort-level variables 
clustered by feedlot displayed high autocorrelation and were much slower to converge than 
models for animal-level variables. These models required longer burn-ins, thinning to reduce 
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autocorrelation and longer chains to achieve convergence. Models were run for between 
5,000 and 120,000 iterations after a burn-in of between 1,000 and 4,000 iterations. The mean 
values for odds ratios, PAFs and PARs, and their 95% credible intervals derived from the 
posterior distributions for the risk factors of interest were recorded. PAF estimates were 
classified as large (> 0.4), moderate (> 0.2 to 0.4), modest (> 0.05 to 0.2) or small (≤ 0.05). 
Risk factors were ranked within the ‘intervention’ category if: i) there were practical 
strategies that feedlot managers could implement (possibly with difficulty) to avoid exposure 
of cattle to adverse levels of the risk factor and ii) the estimate of the population-level effect 
was sufficiently precise to draw a conclusion about that effect (i.e. the 95% credible interval 
excluded negative values).  Risk factors were ranked within the ‘other’ category if either: i) 
no practical strategies that feedlot managers could implement to avoid exposure of cattle to 
adverse levels of the risk factor were evident and/or ii) the effect estimate of the population-
level effect was very imprecise. Both categories included animal characteristic and 
‘management-related’ exposures; the ‘other’ category also included environmental exposures. 
Simultaneous effects of multiple risk factors 
Expected population-level effects of preventing exposure to multiple (but not all) risk factors 
simultaneously were also estimated (Spiegelman et al., 2007). Risk factors were eligible for 
inclusion in these analyses if the PAF estimate was sufficiently precise to draw a conclusion 
and indicated at least a modestly-sized population effect. Two sets of risk factors were 
selected based on the degree of difficulty for feedlot managers in avoiding exposure to 
adverse categories of the factor. Two animal-characteristic (breed and induction weight) and 
two environmental (feedlot region and induction season) risk factors, all of which were 
considered to be difficult or impossible to modify by feedlot managers formed the 
‘background’ set. Five of the management-related risk factors (shared pen water, mixing 
summary, move summary, BVDV in the cohort and the number of animals in group-13) were 
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selected to form the ‘management-related’ set, being factors potentially more amenable to 
change by feedlot managers.   
Dichotomous variables were derived for each risk factor with the lowest risk category as the 
reference category and all other categories collapsed to form a single higher-risk category.  
Two new variables were then created, each based on the combined covariate pattern of the 
sets of background and management-related risk factors, respectively. The initial composite 
variable for background risk factors comprised all observed covariate patterns for the 
dichotomous variables describing breed, induction weight, feedlot region and induction 
season. The distribution of this variable was examined; very few animals were in some 
categories, several categories had no animals with BRD, and all animals in some categories 
were from few of the 14 study feedlots. Hence, categories were collapsed and the final 
composite background risk factor variable comprised four categories describing for each 
animal the number of these four risk factors where it was not in the lowest risk category; the 
four categories were 0 or 1, 2, 3, and 4. The lowest-risk category (0 or 1) comprised the 
covariate pattern with all of the lowest risk categories as well as covariate patterns that 
included only one higher risk category for a component variable.  
The initial composite variable for management-related risk factors comprised all observed 
covariate patterns for the dichotomous variables describing shared pen water, mixing 
summary, move summary, number of animals in group-13 and BVDV-1 in the cohort. After 
examining the distribution of this variable, categories were collapsed as described above to 
form a five-category composite management-related risk factor variable.  The lowest-risk 
category comprised covariate patterns with zero or only a single higher risk category for any 
component variable (i.e. 0 or 1) and other categories were derived by combining patterns with 
equal numbers of higher risk categories (i.e. 2, 3, 4, and 5). 
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The composite background and management-related variables were then both fitted 
simultaneously in a four-level mixed effects logistic regression model to obtain adjusted odds 
ratios. Models were estimated using MCMC methods in the MLwiN® (version 2.27) 
software package run within the Stata® (version 12) program as described elsewhere (Hay et 
al., 2014). The adjusted relative risks, joint distributions and partial PAF were then estimated 
within an Excel® spreadsheet. The formula used is shown in Equation 2 (Spiegelman et al., 
2007). 
   (Equation 2) 
Thus, for the (S=5) levels of the composite management variable,  represents the relative 
risk compared to the lowest risk level, and  represents the joint distribution of these 
exposures across the strata of composite background variable categories. For each of the 
(T=4) strata of background risk factor categories,  represents the relative risk compared 
to the lowest-risk stratum and  is the proportion of observations in each stratum. For each 
stratum,   (Spiegelman et al., 2007). 
Results 
The distributions and adjusted odds ratios for the total effects of animal characteristic and 
environmental risk factors are shown in Table 2, and the estimated PAFs and PARs for these 
risk factors are shown in Table 3. Breed had large population-level effects because the 
majority of the population (e.g. Angus, British crosses and Herefords) were at much higher 
risk than the lowest-risk category (tropically-adapted breeds). Sex had moderate estimated 
population-level effects, however these estimates were very imprecise (Table 3) and 
induction weight had a modest population-level effect (Table 3). The majority of the study 
population were in southern feedlots (which were at markedly increased risk of BRD 
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compared to animals at northern feedlots), resulting in a very large population-level effect, 
while the estimated population-level effects of induction season were moderate (Table 3).  
Separate models were fitted to estimate the total and direct population-level effects of the 
majority of the ten management-related risk factors as shown in Table 4. Table 5 shows 
estimated PAFs and PARs for the management-related risk factors.  The very large 
population-level effects of shared pen water (Table 5) due to the combination of very high 
prevalence of exposure resulting in a high case fraction, and a very high adjusted odds ratio 
indicated that this was a very important potentially modifiable risk factor. The estimated 
population-level total and direct effects of mixing summary were large, as were the effects of 
move summary (Table 5). The total and direct effects of BVDV-1 in the cohort were 
equivalent (as the same covariates were used for both); these indicated that the population-
level effects of BVDV-1 in the cohort were moderate (Table 5). The number of animals in 
group-13 was also an important risk factor with moderate total and direct effects at the 
population level (Table 5).  
The PAF for the direct effect of cohort fill duration was modest and very imprecise compared 
to the total effect (Table 5), indicating that the effect was likely to be largely mediated by 
intervening variables (notably mixing which was the intervening variable with the strongest 
and most biologically plausible effect). In contrast, the animal-level variable measuring the 
interval between induction and cohort close (day 0 to close) indicated that animals joining a 
cohort earlier than the cohort close date were at reduced risk of BRD, with a modest 
population-level effect (Table 5). These variables measure similar exposures at different 
levels and illustrate how the cohort-level effect (i.e. cohort fill duration) may be in the 
opposite direction from the corresponding animal-level effect.  
Although exposure to saleyards within the last 12 days before feedlot induction was 
moderately strongly positively associated with risk of BRD (direct effect odds ratio 1.7), very 
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few animals in the study population (3%) were exposed, so the population-level effect was 
small (Table 5). The direct effects of saleyard exposure were attenuated compared to the total 
effects, and we considered these more relevant because they provide estimates of effects of 
exposure to saleyards over and above the effects of mixing and feedlot move timing 
associated with saleyard exposure. 
The rankings of ‘intervention’ risk factors are presented in Table 6. The most important 
management-related intervention risk factors were shared pen water, mixing summary and 
move summary. We attributed no direct causal effect to saleyard exposures prior to day -27 
(mediated through mixing) and between days -27 and -13 (largely mediated through mixing 
and feedlot move timing).  Ranking of risk factors for which no practical strategies that 
feedlot managers could implement to avoid exposure of cattle to adverse levels of the risk 
factor were evident and/or the estimate of the population-level effect was very imprecise are 
shown in Table 7.  The order of ranking of these risk factors was feedlot region (1), sex (2), 
induction season (3) and cohort formation patterns (4).  The two variables relating to cohort 
formation were grouped together because an understanding of the complexities of the 
relationships between both the animal-level adaptation time in the feedlot pen and cohort fill 
duration at the cohort-level is required.  
Distributions and derived relative risks relevant to the calculation of the partial PAF for the 
composite variables describing combinations of management-related risk factors are shown in 
Table 8. Thus, 5% of the population were in the lowest risk category for the composite 
management-related risk factor (comprising the covariate patterns with zero or only one 
higher risk category for any of the five variables included). The estimated adjusted relative 
risks for animals exposed to more than one higher risk category increased incrementally with 
more exposures to a maximum of 8.5 (95% credible interval: 3.8 to 14.6) for the 45% of the 
population in the highest risk category for all 5 exposures. After applying Equation 2, the 
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partial PAF resulting from changing all animals to the lowest risk reference category was 
estimated at 0.82. Thus, BRD cumulative incidence would be reduced by 82% if all animals 
in higher risk categories of the composite management variable were instead in the lowest 
risk category. In the population represented by the study population, BRD cumulative 
incidence would therefore be expected to fall from 17.6% to 3.2%, assuming exposures to 
each of the background risk factors remained unchanged.   
Discussion 
Several assumptions and limitations should be considered when interpreting PAFs and PARs. 
PAFs and PARs are a function of the prevalence of exposure in the population as well as the 
adjusted relative risks; their internal and external validity and generalisability are therefore 
linked to those of these estimates. Risk factors must be causal, estimates of strength of 
association must be unbiased and the prevalence of exposure in the study population must be 
representative of that in the target population before PAFs and PARs can be interpreted as 
causal population-level effects. In the current study, the odds ratios used to derive PAFs and 
PARs were cluster-specific, and therefore would be expected to be slightly more extreme 
than corresponding population-averaged effects.  The more appropriate of these (i.e. cluster-
specific or population-averaged) would depend on how readily the exposure can be altered 
for animals in the same cluster. Further, because of the multilevel structure of the data, the 
observed proportions of animals exposed (as used in the current study) may not have been the 
most appropriate estimates for variables clustered at higher levels of the population hierarchy. 
The effects of multiple interventions directed at various risk factors will not be additive if the 
risk factors share common causal pathways (Rowe et al., 2004). For all of these reasons, 
reported estimates for individual risk factors should be interpreted only as a guide to their 
relative importance as described in Tables 6 and 7. 
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The precision of PAF and PAR estimates are indicated by the width of the 95% credible 
intervals and mirror the precision of the odds ratios determined from multi-level mixed 
effects models. There was limited statistical power to detect effects of feedlot-level risk 
factors and cohort-level risk factors markedly clustered by feedlot because there were only 14 
participating feedlots. Hence, higher-level risk factors which were determined to have an 
effect on BRD incidence had moderate to large effect sizes.  
The application of a method to estimate the partial PAFs for composite variables provides a 
more realistic measure of the expected effect if it were possible to change all animals to the 
lowest risk category for the composite management-related variable. Collapsing categories to 
form dichotomous variables was considered reasonable because the point estimates for the 
effect sizes tended to fall within a consistent range of values. However, the complexity of the 
dataset, sparse numbers of observations across covariate pattern categories and zero positive 
outcomes in lowest risk categories meant it was not possible to obtain a detailed comparison 
of population effects of risk factors of interest using these methods. Further, in combining 
covariate patterns, we have assumed that each exposure contributes equally to the additional 
risk. While this is unlikely to be the case, the method does provide a way of evaluating the 
expected effects of modifying several exposures simultaneously given the observed 
distribution of covariate patterns in the study population while holding other exposures 
constant. In applying both methods, it has been possible to glean information about both the 
relative and overall population-level effects.   
In the determination of population-level effects, risk factors related to management decisions 
were of major interest because these are potentially the most amenable to immediate 
intervention by feedlot managers. The large population-level effect (PAF: 0.70) of shared pen 
water indicated that ensuring water troughs are not shared between feedlot pens could have a 
major impact in reducing BRD incidence across medium-sized to large Australian feedlots 
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pooled. If locations of water troughs are modified when the troughs are due for replacement, 
the marginal cost of change would be quite modest. If this factor is truly causal, then 
changing pen design so that pen water cannot be accessed by outside animals would result in 
a very large reduction in risk of BRD. Our biologically plausible hypothesis is that shared pen 
water increases the risk of transfer of pathogens between pens. However, because this 
association has not previously been quantified further research is warranted to confirm the 
effect.    
Although mixing, the timing of the move to the feedlot and the number of animals in the 
group-13 are inter-related and management strategies could collectively address these factors, 
each factor was identified as having important and independent population-level effects. Prior 
literature and plausible biological pathways support a causal role for each of these risk factors 
(Martin, 1983; Sanderson et al., 2008; Cernicchiaro et al., 2012b; Hay et al., 2014). Because 
mixing and move timing (animal level) and the number of animals in a group (group level) 
were determined at lower levels of the population hierarchy and exposure categories had 
reasonably balanced distributions across feedlots, it is likely that the distributions are broadly 
representative of the population in medium-sized to large Australian feedlots and effect 
estimates for these risk factors are relatively unbiased by feedlot-associated factors. Although 
there was only a small effect of recent exposure to saleyards in the study population, the 
population-level effect would be much greater in populations where larger proportions of 
animals are exposed to saleyards prior to entering feedlots.   
The results indicated that the presence of BVDV-1 in the cohort (i.e. either a persistently 
infected animal or transient infection) had a moderate population-level effect in the study 
population. Prior evidence from the literature (Ridpath, 2010) and a biologically plausible 
pathway support a causal role for BVDV-1 in BRD incidence. However, our PAF estimate 
also indicates that prevention of BVDV-1 effects (through prior testing of all cattle or 
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vaccination with a highly efficacious vaccine) would not be expected to reduce BRD 
incidences to low levels. 
The population-level effects of animal characteristic and environmental risk factors are most 
likely to have immediate application in predicting risk for incoming groups of cattle, and 
tailoring management of high-risk cattle accordingly. Clearly, considerations such as carcass 
quality, average daily gain and environmental adaptation will dictate which breeds are 
finished in feedlots in particular geographical regions. However, depending on the supply of 
cattle, feedlot managers could selectively purchase or pay a premium price for animals with 
lower risk breeds and liveweights. Breed was identified as a very important risk factor with 
large population-level effects. Previous research provides evidence of an association between 
breed and BRD and plausible biological pathways have been proposed as genetic 
susceptibility has been shown to vary between breeds (Snowder et al., 2006; Neibergs et al., 
2011). Similarly, prior research supports an adverse effect of lower induction weight 
(Sanderson et al., 2008; Reinhardt et al., 2009) and such a relationship is biologically 
plausible because lower induction weight animals may lack immunological maturity or may 
be low weight due to prior stressors relating to the plane of nutrition, parasitic or disease 
burden. Because breed and weight were measured at the animal level, were well distributed 
across feedlots, and because animals were sourced from a wide geographical area over an 
extended time period, it is reasonable to assume that the study population is representative of 
medium-sized to large Australian feedlots, and that the effect estimates for these exposures 
are relatively unbiased.  
Moderate to large population-level effects of environmental risk factors were demonstrated; 
these were included amongst those requiring research rather than those that inform immediate 
strategies to reduce risk. The markedly increased risk for cattle in southern feedlots was 
reflected in very large PAFs and PARs. However, the effect estimates for the odds ratio of 
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feedlot region was very imprecise and although consistently very high, differed from that 
estimated using the MLwiN® software (Hay et al., 2016d). Population-level estimates 
indicated induction season had a moderate effect. Because both feedlot region and induction 
season are likely to be a proxy measures for other factors, further investigation is required to 
understand causes of these effects. Other studies have shown associations between weather 
variables and BRD (Cusack et al., 2007; Cernicchiaro et al., 2012a), and demonstrated 
interactions between weather variables and other risk factors (Cernicchiaro et al., 2012a). In 
the Australian context, the effects of weather variables are possible explanatory contributing 
factors that could be investigated further to better understand the effects of feedlot region and 
induction season.  
It is important to note that only risk factors measured in the full project population were 
included in the current study. In a subset of the project population, several risk factors 
relating to prior management of cattle, including yard weaning, prior feeding of grain, prior 
vaccination against Bovine viral diarrhoea virus 1 and prior vaccination against Mannheimia 
haemolytica were determined to probably be associated with modestly to moderately reduced 
risk of BRD at the feedlot as previously reported (Hay et al., 2016e). Population-level effects 
for these factors were not estimated and they were not considered in the ranking in the current 
study. 
The incremental increase in risk for animals exposed to adverse categories of successively 
more management-related risk factors is worth noting. This suggests that simultaneous 
exposure to multiple important risk factors increase risk over exposure to fewer of the 
important risk factors. Understanding these relationships may be useful at a practical level, 
whereby substantial reductions in risk could be expected by modifying several of the risk 
factors we analysed in our composite management variable. Further, assessment of the risk of 
incoming cattle based on prior mixing (i.e. mixed or not before day -27), group size, animal 
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characteristics (breed, weight) and environmental factors (region, season) may allow the 
prediction of BRD risk for incoming groups of cattle. Management interventions (e.g. pre-
induction assembly on pasture for one month before placement on feed in a feedlot pen (Hay 
et al., 2014) could then be selectively implemented for highest risk cattle. At 0.82, the 
estimated partial PAF suggested that it should be possible to dramatically reduce the 
incidence of BRD in cattle entering medium-sized to large Australian feedlots by using 
multiple management interventions whilst leaving the distributions of animal characteristic 
and environmental risk factors unchanged. It is also worth noting that this estimate allowed 
one component risk factor to not be in the lowest category. Thus, for example, moving and 
commingling groups of cattle and placing them on pasture close to the vicinity of the feedlot 
for at least 28 days prior to them going on feed in a feedlot pen and then ensuring less than 
four such established groups form a cohort whilst also ensuring pen water troughs are not 
shared between pens, would place incoming cattle in the lowest risk category.  In this 
scenario, there is no intervention against BVDV-1. Our relative ranking indicated that 
BVDV-1 in the cohort had only a moderate population-level effect, so despite having no 
intervention against BVDV-1, we would expect the interventions to dramatically reduce 
incidence of BRD for the population. This expectation applies to a population in which prior 
on-farm BVDV-1 exposure is common and so herd-level immunity at induction was often 
high. Management-related decisions should be tailored and adapted in the context of local 
knowledge of risk factors. However, we have demonstrated that considering the incremental 
increase in risk with exposure to successively more factors provides management options that 
may be explored depending on the context and overall risk of incoming groups of cattle.   
It should be possible to dramatically reduce the effects of BRD at the population level by 
implementing interventions addressing some of the important management-related risk 
factors. 
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Conclusions 
The population-level effects of several management-related risk factors have been determined 
and used to rank these factors along with several animal characteristics and broad 
environmental factors. Of the fifteen risk factors studied, eight were ranked within the 
‘intervention’ category, five were ranked within the ‘other’ category and two were not ranked 
because there was no evidence of a direct population-level effect. The most important 
management-related risk factors were shared pen water, mixing, move summary, number of 
animals in an established group and exposure to BVDV-1 in the cohort. Interventions that 
remove exposure to adverse categories of these management-related risk factors have the 
potential to substantially reduce risk of BRD in medium-sized to large Australian feedlots.   
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Table 1: Population-level effects of interest for management-related risk factors 
Variable Effect of interest Relevant intervening variables in direct effects 
models and rationale for choice 
Shared pen water Total ‘BVDV in cohort’; the total effect is of interest, not 
just the effect over and above BVDV in the cohort  
Mixing summary Total ‘BVDV in cohort’ the total effect is of interest, not 
just the effect over and above BVDV in the cohort 
Move summary Direct Mixing summary is intervening; the effect of feedlot 
move timing over and above mixing is of interest 
BVDV in cohort Total No intervening variables 
Number of animals in 
group-13 
Direct Mixing summary and number of animals in the 
cohort; effect over and above intervening variables 
is of interest   
Cohort fill Direct Mixing summary and days from induction to cohort 
close; effect over and above intervening variables is 
of interest 
Days from induction to 
close 
Direct Percentage grain in ration on day 0, Percentage 
grain in ration on day 20 and time taken to reach 
60% grain in ration; effect over and above 
intervening variables is of interest 
Saleyard exposure day -12 
to day 0, day -27 to day -
13 
Direct Mixing summary, feedlot move timing; effect over 
and above mixing and move timing is of interest 
Saleyard exposure prior to 
day-27 
Direct Mixing summary; effect over and above mixing is 
of interest 
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Table 2: Distribution of variables describing animal characteristics and environmental risk 
factors and estimated odds ratios with associated 95% credible intervals for their total effects 
on the occurrence of BRD by day 50a 
Variable & category 
Number (%) 
of animals 
Crude BRD 50-day 
cumulative 
incidence (%) 
Case 
fraction Adjusted 
odds ratio 
95% credible 
interval 
Breedb 
  
 
  Angus 19,764 (56) 22.6 0.72 2.5 1.7 to 3.5 
British breed cross 4,140 (12) 17.6 0.12 2.9 2.0 to 4.2 
Hereford 1,952 (6) 21.4 0.07 4.7 3.1 to 7.0 
Shorthorn 1,414 (4) 26.0 0.06 3.0 1.8 to 4.5 
Murray Grey 931 (3) 7.1 0.01 1.3 0.7 to 2.1 
European/cross 1,318 (4) 3.3 0.01 2.0 1.2 to 3.1 
Tropical/cross 5,530 (16) 1.5 0.01 Ref. cat.  
      
Sexc      
Steer 32,260 (92) 18.8 0.98 1.6 0.9 to 2.6 
Heifer 2,871 (8) 5.3 0.02 Ref. cat.  
      
Induction weightd (kg)      
< 400 7,027 (20) 13.0 0.15 1.6 1.3 to 1.9 
400 to < 440 10,767 (31) 21.1 0.37 1.4 1.2 to 1.5 
440 to < 480 12,029 (34) 19.2 0.37 1.2 1.0 to 1.3 
≥ 480 5,303 (15) 13.3 0.11 Ref. cat.  
      
Feedlot regionc      
Northc 13,342 (38) 5.4 0.12 Ref. cat.  
Southc 21,789 (62) 25.1 0.88 11.2 3.7 to 29.5 
      
Induction seasonc      
Spring 9,763 (28) 16.0 0.25 Ref. cat.  
Summer 7,235 (21) 18.7 0.22 2.4 1.3 to 3.9 
Autumn 8,114 (23) 22.4 0.29 2.0 1.2 to 3.3 
Winter 10,019 (29)  0.24 1.6 1.0 to 2.3 
a Models fitted using multilevel (i.e. 3 or 4) mixed effects logistic regression models with N observations. 
Covariates were determined by using a causal diagram. 
b Covariates: source region on day -28; 4 level; N=35,049; cross breeds were allocated tropical (i.e. Bos indicus), 
European or British in that order if the animal was crossbred with any component breeds  
c No additional covariates, 4 level, N=35,131 
d Covariates: dentition, breed, induction year, induction season, sex, source region, 3 level, N=34,361  
 
 
Table 3: Estimated population attributable fractions (PAF) and population attributable risks 
(PAR) for the total effects of animal entry characteristics and environmental risk factors on 
the 50-day cumulative incidence of BRD  
Variable PAF 95% credible interval PAR (%) 95% credible interval 
Breed 0.67 0.54 to 0.77 11.8 9.6 to 13.5 
Sex 0.36 0.00 to 0.59 6.3 -0.1 to 10.5 
Induction weight 0.16 0.09 to 0.23 2.9 1.6 to 4.1 
Feedlot region 0.74 0.62 to 0.81 13.1 10.9 to 14.2 
Induction season 0.28 0.12 to 0.40 5.0 2.2 to 7.0 
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Table 4: Distribution of variables describing management-related risk factors and estimated odds ratios (OR) with 95% credible intervals for 
their total and direct effects on the occurrence of BRD by day 50 derived from multilevel mixed effects logistic regression modelsa  
Variable & 
category 
Number of 
animals (%) 
Crude BRD 50-day 
cumulative incidence 
(%) 
Case 
fracti
on 
Total effects 
adjusted OR 
95% 
credible 
interval Direct effects adjusted OR 
95% credible 
interval 
Shared pen waterbc        
 No 6,453 (18) 3.9 0.04 Ref. cat.  Ref. cat.  
 Yes 28,678 (82) 20.7 0.96 5.0 2.0 to 10.7 3.7 1.5 to 8.9 
        
Mixing summaryde        
No, <4 1,713 (5) 19.6 0.05 2.2 1.2 to 3.7 2.4 1.3 to 3.9 
No, ≥4 9,790 (28) 28.5 0.46 3.4 1.9 to 5.8 3.2 1.6 to 5.5 
Yes, <4 8,120 (23) 4.7 0.06 Ref. cat.  Ref. cat.  
Yes, ≥4 15,500 (44) 17.4 0.44 2.2 1.2 to 3.7 2.1 1.1 to 3.6 
        
Move summaryfd        
Pre day-27 1,880 (5) 1.5 0.01 Ref. cat.  Ref. cat.  
Day -27 to 0 33,251 (95) 18.6 0.99 2.8 1.4 to 4.6 2.0 1.2 to 3.2 
        
BVDV in cohortc        
No 11,896 (34) 8.7 0.17 Ref. cat.    
Yes 23,235 (66) 22.2 0.83 1.7 1.1 to 2.6   
        
Number of animals 
in group-13g   
 
  
  
<50 13,782 (39.2) 24.1 0.54 2.3 1.6 to 3.2 1.8 1.2 to 2.4 
50 to 99 9,783 (27.9) 21.3 0.34 1.8 1.2 to 2.5 1.4 1.0 to 2.0 
≥100 11,566 (32.9) 6.9 0.13 Ref. cat.  Ref. cat.  
        
Cohort fillh        
1day 12,051 (34.3) 7.4 0.14 Ref. cat.  Ref. cat.  
>1day 23,080 (65.7) 23.0 0.86 1.9 1.1 to 3.0 1.6 0.8 to 3.0 
        
Days from 
induction to closei    
  
  
0 20,001 (56.9) 13.9 0.45 1.5 1.1 to 1.9 1.3 0.9 to 1.9 
1 to 6 12,408 (35.3) 23.4 0.47 1.2 0.9 to 1.6 1.2 1.0 to 1.4 
≥7 2,722 (7.8) 19.0 0.08 Ref. cat.  Ref. cat.  
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Saleyard day -12 to 
0jd    
    
No  34,200 (97.4) 17.6 0.97 Ref. cat.  Ref. cat.  
Yes 931 (2.7)) 21.4 0.03 2.6 1.5 to 4.1 1.7 1.0 to 2.6 
        
Saleyard day -27 to 
-13jd    
  
  
No 34,162 (97.2) 17.8 0.98 Ref. cat.  Ref. cat.  
Yes 969 (2.8) 11.2 0.02 1.9 1.3 to 2.7 1.3 0.8 to 1.8 
        
Saleyard prior to 
day -27jd    
  
  
No 22,223 (64.0) 18.7 0.68 1.2 1.1 to 1.4 1.0 0.9 to 1.1 
Yes 12,507 (36.0) 15.7 0.32 Ref. cat  Ref. cat  
a Four-level mixed effects logistic regression models with N observations. Covariates for total of direct effects models were determined by using a causal diagram 
b Total: no covariates, N=35,131  
c Model for direct effect of shared pen water and total effect of BVDV in cohort: shared pen water, mixing summary, BVDV in cohort, BVDV PI animal, number of animals 
in cohort, N=34,693 
d Model for total effect of mixing summary and direct effects of move summary and saleyard exposure: mixing summary, move summary, saleyard exposure pre day-27, day 
-27 to -13 and day -12 to 0, cohort fill, induction weight, number of animals in cohort and in group-13, N=34,726  
e Direct: covariates were all covariates in total effects model plus BVDV in cohort, BVDV PI animal, shared pen water, N=34,726 
f Total: covariates were saleyard exposure day -27 to -13 and day -12 to 0, N=35,131  
g Total: no covariates, N=35,131; Direct: covariates were cohort fill, induction weight, saleyard exposure pre day-27, day -27 to -13 and day -12 to 0, feedlot move timing, 
mixing summary, number of animals in cohort and on feed at the feedlot, N=34,726 
h Total: covariates were number of animals in cohort, days from first day on feed to day 0, N=35,131; Direct: covariates were total effects covariates plus days from day 0 to 
cohort close, induction weight, mixing summary, feedlot move timing, number of animals in group-13 and saleyard exposure pre day-27, day -27 to -13 and day -12 to 0, 
N=34,726 
i Total: covariate was cohort fill, N=35,131; Direct: covariates were days from first day on feed to day 0, cohort fill, intended days on feed, grain percentage in ration on day 0 
and day 20, time until 60% grain in ration, N=35,131 
j Total: no covariates, N=35,131  
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Table 5: Estimated population attributable fraction (PAF) and population attributable risk (PAR) of management-related risk factors on the 50-
day cumulative incidence of BRD derived from total effects and direct effects of management-related risk factors 
 Total effects Direct effects 
Variable PAF 95% credible 
interval 
PAR 
% 
95% credible interval 
PAF 95% credible 
interval 
PAR 
% 
95% credible 
interval 
Shared pen water 0.70 0.45 to 0.83 12.3 7.9 to 14.7 0.62 0.29 to 0.82 11.0 5.2 to 14.5 
Mixing summary 0.53 0.30 to 0.69 9.5 4.0 to 12.7 0.50 0.22 to 0.68 8.8 3.9 to 12.1 
Move summary 0.60 0.33 to 0.77 13.3 10.1 to 15.5 0.45 0.17 to 0.68 7.9 3.0 to 11.9 
BVDV in cohort 0.30 0.04 to 0.50 5.3 0.7 to 8.9 0.30 0.04 to 0.50 5.3 0.7 to 8.9 
Number of animals in group-13 0.39 0.23 to 0.51 6.9 4.1 to 9.1 0.30 0.10 to 0.44 5.2 1.8 to 7.8 
Cohort fill 0.35 0.09 to 0.53 6.2 1.6 to 9.4 0.26 -0.15 to 0.53 4.6 -2.6 to 9.3 
Days from induction to cohort close 0.16 -0.01 to 0.31 2.8 -0.1 to 5.4 0.13 -0.03 to 0.32 2.2 - 0.5 to 5.6 
Saleyard day-12 to day 0 0.02 0.02 to 0.02 0.3 0.3 to 0.3 0.01 0.00 to 0.01 0.1 0.0 to 0.2 
Saleyard day-27 to day -13  0.02 0.02 to 0.02 0.3 0.3 to 0.3 0.00 0.00 to 0.01 0.0 -0.1 to 0.1 
Saleyard prior to day-27 0.10 0.05 to 0.16 1.8 0.9 to 2.7 0.00 -0.08 to 0.07 0.0 -1.4 to 1.2 
 
29 
 
Table 6: Ranking of ‘intervention’ risk factors (i.e. those for which there were practical 
strategies that feedlot managers could implement to avoid exposure of cattle to adverse levels 
of the risk factor and the estimate of the population-level effect was precise)a  
Rank Risk factor Category Population-
level effect 
Conclusion 
1 Shared pen 
water 
Management Large Shared pen water is probably a major risk 
factor for BRD with large effect at the 
population level 
2 Breed Animal 
characteristic 
Large Tropically adapted breeds and crosses are at 
reduced risk.  
3 Mixing 
summary 
Management Large Mixing prior to day-27 was protective; 
Commingling 4 or more group-28s to form 
a cohort increased risk. Cohort formation 
based on these relationships would be 
expected to markedly reduce BRD 
incidence at the population level. 
4 Move summary Management Large Moving to the vicinity of the feedlot at least 
27 days before induction is protective  
5 BVDV in cohort Management Moderate Eradication of BVDV from feedlots and 
prevention of reinfection would be expected 
to result in a moderately reduced BRD 
incidence at the population level  
6 Number of 
animals in 
group-13 
Management Moderate Ensuring that at least 50 animals are 
assembled in stable groups at least 13 days 
before induction would be expected to 
result in a moderately reduced BRD 
incidence at the population level 
7 Induction weight Animal 
characteristic 
Modest Lighter animals are at increased risk 
resulting in a modest population-level effect 
8 Saleyard 
exposure 
day -12 to day 0 
Management Small Removing saleyard exposure within 12 days 
of induction would be expected to result in 
only a small population-level effect because 
few animals are exposed.  
a Two risk factors describing saleyard exposure from day -27 to -13 and pre day -27 were not 
included because there was no direct population-level effect.  
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Table 7: Ranking of risk factors for which no practical strategies that feedlot managers could 
implement to avoid exposure of cattle to adverse levels of the risk factor were evident and/or 
the estimate of the population-level effect was very imprecise 
Rank Risk factor Category Population-
level effect 
Conclusion 
1 Feedlot region Environmental Large Variation in BRD risk by feedlot region 
probably had a major population-level 
effect but because this is a proxy for other 
factors, more research is required to 
investigate the reasons for this  
2 Sex Animal 
characteristic 
Moderate The effect estimate was very imprecise, so 
no conclusion is made 
3 Induction season Environmental Moderate Animals inducted during spring were at the 
lowest risk, and season of induction had a 
moderate population-level effect. Season is 
a proxy for other factors such as weather 
conditions. More research is required to 
better understand the association between 
season and BRD  
4 Cohort 
formation: 
(Cohort fill and 
Days from day 0 
to close) 
Management Modest-
moderate 
Further research is required to better 
understand the animal-level and cohort-
level effects of cohort formation patterns 
 
Table 8: Distribution of composite variables describing covariate patterns of background and 
management-related risk factors and estimated adjusted odds ratios with 95% credible 
intervals and calculated relative risks for their effects on the occurrence of BRD by day 50a 
Variable & category Number of 
animals (%) 
Crude BRD 50-
day cumulative 
incidence (%) 
Adjusted 
odds ratio 
95% credible 
interval 
Adjusted 
relative risk 
Background      
0 or 1 2,558 (7) 2.1 Ref. cat  Ref. cat 
2 7,240 (21) 6.4 2.0 1.3 to 3.0 2.0 
3 11,434 (33) 17.3 2.5 1.6 to 3.7 2.4 
4 13,812 (39) 26.7 3.6 2.2 to 5.5 3.4 
Management-related      
0 or 1 1,917 (5) 2.7 Ref. cat  Ref. cat 
2 4,898 (14) 2.1 1.3 0.6 to 2.7 1.3 
3 4,903 (14) 7.5 2.9 1.2 to 6.1 2.8 
4 7,432 (21) 16.8 5.2 2.0 to 11.0 4.7 
5 15,975 (45) 27.7 10.7 4.1 to 23.3 8.5 
a Estimates obtained from 4-level mixed effects logistic regression model estimated using MLwiN®, 
number of observations in model=35,044 
Variables used - background risk factors: breed, feedlot region, induction season and induction weight; 
management-related risk factors: shared pen water, mixing summary, move summary, BVDV in the cohort and 
number of animals in group-13  
 
 
